In nonadiabatic photoreactions in solution, the geometry at the decay region from the excited to the ground state is decisive for the outcome of the reaction. From a mechanistic point of view, this "reactive structun", is., the structure of the conical intersection accessible on the excited state of a singlet photoreaction or the region of geometries favorable for intersystem crossing in a triplet photoreaction, plays a similar role as the transition state in a thermal reaction. Consequences for the selectivity of singlet and triplet photoreactions are discussed.
INTRODUCTION
In a nonadiabatic photoreaction, four distinct steps may be distinguished ( the knowledge of the "reactive structure", i.e. the transition structure of a thermal reaction, the structure of the conical intersection accessible on the excited state PES of a singlet uhotoreaction or the triplet phobreactions, the geometries most favor- geomtries favorable for & in a triplet photoreaction, is decisive for the discussion and of the selectivity of the reaction.
SINGLET PHOTOREACTIONS
Return from Sl to So occurs by passage through a funnel in the Sl PES. Until recently, it was believed that the funnels mostly correspond to avoided surface crossings. A vibrational analysis at the "pericyclic minimum" e. The general case with y +O and 6 +O is shown in Fig. 2 .
The y,E plane shows the well-known Oosterhoff diagram (ref. lo). Going from the pericyclic geometry along the 6 coordinate, a surface crossing is reached, depicting a Sl-So conical intersection corresponding to a critically heterosymmetric biradicaloid: x1 is the 6 coordinate (i.e., the direction of the fastest change in the energy difference between the nonbonding orbitals) and x2 the y coordinate (i.e., the direction of the fastest change in the degree of interaction between these two orbitals). (covalent interaction Y 1 yields the usual state diagram for pericyclic photoreactions. Using as a second coordinate a rhomboidal distortion, which introduces a diagonal interaction and therefore differentiates the otherwise degenerate energies of the two localized orbitals (polarizing perturbation 6 ) , two conical intersections equivalent by symmetry result that correspond either to an enhanced 1,3 or an enhanced 2,4 interaction. In the case of the [2+2]photoaddition of substituted ethylenes (ref. 5), these two situations arerno longer equivalent for head-to-tail addition (1.3 arrangement of the Substituents), and the diagonal interaction may either reinforce or counteract the effect of the substituents, depending on which of the two diagonals has been shmened. Two conical intersections will result, one at a less and one at a more diagonally distorted geometry than for the unsubstituted ethylene. This is confiied by the results of calculations shown in Fig. 3  (ref. 12) . For small rhomboidal distortions, the peripheral bonding will dominate at the geometry after return to So, and the formation of the head-to-tail product is likely to be favored. The diagonal bonding will dominate for large distortions, however, and head-to-head product could possibly be formed by x[2+2]cycloaddition, i.e. by formation of the diagonal bond and subsequent closure of the other. Thus, the result of the photoaddition will depend on extent of rhomboidal distortion, i.e. on the structure of the conical intersection.
However, the structure of the conical intersection is not the only factor that determines the selectivity of a singlet photoreaction. From the definition of the branching space it is evident that a conical intersection provides two linearly independent reaction-path directions x1 and x2. In contrast to a thermal reaction, where the initial motion after passage through a transition state is characterized by a single vector qR (the normal coordinate of the imaginary vibrational frequency), the photochemical reaction path in the immediate vicinity of the apex of the cone can follow any direction in the xl,x2 plane and may reach different reaction valleys that develop on the So surface and lead to different products. This is best illustrated by considering the cis-trans isomerization of ethylene: For %"-twisted ethylene the p orbitals are orthogonal and degenerate; the pericyclic geometry corresponds to a perfect biradical with a very large gap between S, and S , . A heterosymmetric perturbation 6 reduces the energy gap, but calculations show that pyramidalization of one of the methylene groups alone does not represent a perturbation 6 sufficient for reaching a conical intersection. However, this is accomplished by an additional distortion of one of the CH bonds toward the other carbon (ref.
13). The resulting conical intersection is shown in Fig. 4 ; a plot of the energy against the vectors x1 and x2 yields a double cone at a geometry that suggests @ wb,, 
TRIPLET PHOTOREACTIONS
In triplet photoxeactions, the knowledge of the geometries at which ISC allows for a retwn from TI to So is important for an understanding of the nahm of the products. There are three mechanisms of ISC: solventinduced spin relaxation by independent spin-flips, the hyperfine coupling that is important in biradicals in which the two radical Centers are relatively far apart, and SOC that is dominant in short biradicals, as is obsewed in intermediates in numerous photochemical d o n s (ref. 1). In the following we will concentrate on the SOC mechanism only.
Two conditions have to be satisfied for the SOC mechanism to become efficient: the T,-So energy gap has to be small and SOC should be large (ref. 15). Thus, to be able to estimate the overall ISC probability, one has to determine the PES to locate the accessible areas of small T,-So separation as well as to evaluate the SOC for each geometry of interest. Recently, we presented a formalism for the determination of SOC in the collext of configuration interaction calculations based on Rumer spin eigenfunctions and the second quantization approach (ref. SOC in 1,n-biradicals may also be discussed on the basis of the two-electron two-orbital model (ref. are degenerate (EST = 0) and SOC is appreciable (SOC > 2 cm-'), the necessary energies being smaller than 1 kcal /mol. For rotational angles la1 < 45". however, much larger energies (> 10 kcal/mol) are required and geometries with SOC < 1 cH' are reached.
From these results, it can be concluded that, as in the unsubstituted trimethylene, the reactive structure of optimal ISC is characterized by a face-to-face orientation of the radical centers and a CCC angle y slightly smaller than for the triplet minima. As the singlet PES drops steeply for small values of y, the triplet state yields preferably cyclic products. The conditions for optimal ISC are similar for both minima Mcis and MRm; therefore, the stereochemical differentiation between cis-and truns-substituted products is due, in this case, to the energy difference of the two minima Mcis and MRm. This explains the experimental observation that the triplet sensitized photoreaction of cis-as well as truns-3,4-dimethyl-l-pyrazoline yields preferably truns-1,2-dimethylcyclopropane, and negligible amounts of acyclic products, in contrast to the singlet photoreaction, which occurs preferably with retention of the configuration and yields appreciable amounts of acyclic products (ref. 21 ).
For tetramethylene SOC and T, surfaces were calculated as a function of the rotational angels a and p of the terminal CH, groups for different values of the dihedral angle 8 as shown in Fig. 6 . They demonstrate that the behavior of a triplet lP-biradical is determined by two opposing trends: SOC is large at syn geometries, (2: tm which is conformationally fixed at 8 = a", and of the flexible analogue 2 are nearly the same. In 1, rotation around one of the terminal CC bonds will lead to Tl-So degeneracy with SOC = 0.28 cm-', which corresponds exactly to the situation in 2, which will prefer the anti conformation where near So-T, degeneracies are found for any a and p with SOC c 0.3 cm-'. This explains why other effects like the solvents affect the ISC rate to a larger extent than fixation of the biradical to 8 = 60".
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CONCLUSIONS
The knowledge of the "reactive structure", i.e. the transition structure of a thermal reaction, the structure of the conical intersection accessible on the excited state PES of a singlet photoreaction or the geometries favorable for ISC in a triplet photoreaction, is decisive for the discussion and prediction of the stemchemical outcome of the reaction.
For a thermal reaction, the system will be moving very slowly along the negative curvature at the transition state and following the minimum energy path up to products. At a conical intersection the situation is quite 'different. Trajectories passing exactly through the tip of the cone proceed undisturbed and follow the typically quite steep slope of the cone wall, thus converting electronic energy into energy of nuclear motion, which will be superimposed on the motion in the x1,x2 plane generated by the passage through the conical intersection. The actual prediction of relative or absolute product quantum yields for a singlet photoreaction requires a dynamic description of both the adiabatic motion on the excited and ground state PES and the nonadiabatic process describing the radiationless decay from the upper to the lower state. The efficiency of the various processes will thus depend on both static and dynamic factors. The structure of the conical intersection point where the ground-state pathways originate is an important static factor, that is easily predicted by quantum chemical calculations, while a quantitative treatment of the dynamics of the reaction under investigation is still a difficult task for organic systems.
In triplet photoreactions, the decay from the Tl to the So surface occurs at geometries favorable for ISC. In general, these geometries do not coincide with the minima on the T, surface. Thus motions over barriers are required in order to reach these regions, and the decay structure will depend on the accessibility and on the probability of finding the system at these geometries, at which the So surface will typically slope steeply toward a product minimum, with no barrier in the way. Thus, ISC in triplet biradicals normally produces closed-shell singlet products and not floppy singlet biradicals (ref. 25) .
In summary, the selectivity of organic singlet photoreactions is determined by the location of the conical intersection(s) as well as the dynamics on the excited and ground state PES, while in organic triplet photoreactions product formation depends typically only on the accessible regions favorable for ISC, that is on the energetics and dynamics on the T, PES.
